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1.0 INTRODUCTION

The description of a 1 Amp Solid State Thermostat designed
and developed by METROPHYSICS, Inc. under Contract No. NAS 8-11625
is presented in this report, together with the test results ob-
tained on it, and recommendations for future modifications.

All considerations which led to the adopted design are
discussed.

This thermostat surpasses mechanical types wi;h respect to

accuracy and reliability. It also provides a temperature output

 signal which can be used to monitor the temperature under control

continuously by automatic checkout equipment or telemetry systems.

. Its inherent ruggedness and the absence of any moving parts make

_Final Report, C#NAS 8-11625 = MHH”DMH:S m W.A.#645201

this thermostat ideally suited for space and airborne applications.

MP/1 efforts which resulted in the fabrication and delivery
of 5 Solid State Thermostats can be called successful. These 5

units not only comply with the specifications, but exceed them

in several respects.



Final Report, C#NAS 8-11625

= M

W.A.#645201

Page 2.1

2.0 FUNCTIONAL DESCRIPTION

The thermostat consists of five functional parts:

1.

Temperature sensing element
Readout amplifier

Zero amplifier

Solid state switch

Power supply

Figure 1 shows how these five functional parts are inter-

connected. The temperature sensing element, a thermistor, forms

the input resistor of an operational amplifier (readout amplifier).

A constant voltage is applied to the thermistor and amplified by

the readout amplifier.

on the ratio

function of temperature.

.

R

(T)

fier is dependent on the ratio - and,

R(1)

The gain of the readout amplifier depends
. The resistance of the thermistor ﬁT) is a

The output voltage of the readout ampli-

therefore, on tempera-

ture. This output voltage is used as a temperature signal. It

also is applied to a preselected resistor network and compared to

a reference voltage. Any deviation from th

is rgference voltage

is detected and amplified by the zero amplifier. The output of

the rero amplifier is applied to the solid state switch, which

. connects the load to the 28 V line.

The power supply provides two regulated voltages, 18 V and

-6 V. The 18 V line supplies the amplifiers, while the -6 V line

sexrves as reference for both, readout and zero amplifier.
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3.0 DESIGN CONSIDERATIONS

3.1 Electronic Design

The thermostat developed in accordance with NASA Specifica-
tion R-P&VE-PMS-SPEC-2-63 has to fulfill the following require-
ments: It must be small in size, capable of handling lA of cur-
rent, be stable, and provide a temperature readout signal.

These requirements are contradictory in several respects;
therefore, the final design must be a compromise.

The performance parameters were considered of prime import-
ance. This emphasis led to a larger size than originally speci-
fied. All the other requirements could be met or exceeded,

The starting point for the design was the control point
stability and accuracy. Control temperature range and readout
signal range are not identical, and advantage was taken of this
fact. While the control temperature range is the interval from
25°C to 50°C, the readout signal range extends from 0°C to 50°C.
Accuracy requirements also differ. The control point stability
is +.2°C, but only +.5°C accuracy is required for the readout
signal.

Both control point stability and readout accuracy depend on

; the stability of the sensing device and the electronic circuit.

- It would be desirable to dispense with the electronic circuit,

thereby reducing sources of possible errors. However, the require- .

ment for a 5 V readout signal to be delivered into a 10 Kohm load

would make it necessary to employ a temperature sensor of low im-

| pedance and a high execitation voltage. Powet dissipation in the
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. sensing element would introduce an uncontrollable error by self-

heating. From this it follows that the most desirable sensing
element would be one which gives the highest sensitivity for the
least power. A device which excels all other comparable sensors
with respect to sensitivity is the thermistor.

In the past, thermistors were considered insufficiently
stable in time to find applications where accuracy is paramount.
However, this limitation no longer exists. Thermistors with long
time stability are now manufactured to close tolerances, and are
readily available. The design of the thermostat is based on such
a thermistor.

As previously stated, self-heating is a severe source of
error. It can be resolved by employing a high impedance therm-
istor and by carefully choosing the voltage across it. Impedance
does not influence the sensitivity as long as loading is neglig-
ible, but voltage does.

The thermigtor selected is a Fenwal Iso-curve thermistor of

the highest impedance available. A buffer amplifier is necessary

. to avoid loading the thermistor and associated network.

t might appear that the advantage of high sensitivity ob-
.
tained with a high impedance thermistor is offset by the require-

ment for a buffer amplifier. However, no matter what approach is

- contemplated, an amplifier is always required. A low impedance

% sensor would not allow applying voltages to them which are high

1 enough to produce the desired output signal level without ampli-

: fication. The advantage gained by using a high impedance therm-
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istor is the low gain required for the amplifier. A low gain is de-

sirable, for not only the useful input signal is amplified, but
also the drift of the input stage of the amplifier. With high
gain, the error produced by drift might become intolerably large

unless a sophiscated amplifier is employed. Size limitations

- exclude such an approach.

The next step after the selection of the thermistor is to
decide on the network configuration in which it is to be used to
produce the most useful signal forreadout and switching.

A thermistor is an inherently non-linear device, but it can

be used in conjunction with a resistive network to produce a lin-

ear transfer function within a limited temperature range. In this

case, however, advantage was taken of its non-linearity. The
thermistor is placed in the feedback path of an operational am-

plifier to which a constant voltage is applied (see Figure 1).

. A temperature change of the thermistor causes a change of the gain

. of amplifier and, thereby, of its output voltage. The output volt-

age of the amplifier is described by the following equation:

= -RF
v°(r) R(T)VC

The sensitivity, then, follows:

dVo(T) _ Rp 'dR(r) v = R;o(v

AT R AT € Rer)
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. where X is the temperature coefficient of the thermistor and

i almost constant within the temperature range of interest.

It can be seen from the equation that the sensitivity in-
creases with decreasing R(T)' R(T) has a negative temperature

coefficient and, therefore, decreases with increasing temperature.

+ This effect is desired for temperature control which has to be

obtained from 25°C to 50°C with an accuracy of +.2°C, while tem-
perature readout extends over a wider temperature range and re-
quires a less stringent accuracy.

The scheme described above offers another advantage when
considering temperature control action. In this case, a voltage
change corresponding to .1°C has to be detected. This temperature
change is translated into voltage change. However, with a 5 V

full scale signal as available at the output of the readout ampli-

i

|

i

fier, such a change would be too small to operate the power control |

element, Therefore, another amplifier must be added. Any devia-

! tion of the readout voltage from a reference voltage ( -6V, Fig-

| ure 1) is applied to this amplifier, called zero amplifier, and,

. after amplification, is used to operate the solid state switch.

.~ The temperature-voltage relationship of this arrangement (see

~ Section 4.0 - Theory) is:

R.(R+R
J(T, [(Vo(r; v, )—"‘ + V]‘Jgﬁa—z)

i
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By differentiating:

d Vo) R,

-~
-

od T R,

o Vo(r)

R1 is chosen to make the input voltage to the zero amplifier

v
R, ) R, °(T) R,

Zzero at the control point temperature:
| R
(). Vel op v, A

The sensitivity at the control point temperature then is:

d V(73)_ R,
K. 2

This expression is almost independent of temperature (except

for the slight change of X ), a feature which assures uniform

' control over the entire control temperature range,

The discussion now arrives at the power control element or

solid state switch., It is of primary interest to come up with a

? design which holds power dissipation in this part of the circuit

to a minimum. The power transistor which has to be small because

o WP oo

- of size limitations should dissipate as little power as is feasible

in order to avoid any thermal stress. The insertion of a small
resistor between the 28 V line and the collector of the power
transistor solved this problem.

The power supply is of conventional design. An inverter
had to be included to obtain a negative reference voltage for both

amplifiers.
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As previously stated, difficulties in making the original
size requirement became apparent after the electronic design was
completed. The only packaging method which makes it possible to
at least approach the desired size is cordwood packaging, using
welded interconnections. This method, therefore, was adopted for
the design.

3.2 Mechanical Design

The probe which houses and protects the temperature sensi-
tive element caused considerable design difficulties. Flexibility |
of application leads to contradictory requirements. The probe
should be rigid to withstand shock and vibration, but at the same
time spring action in the tip is desirable to insure good heat

contact with surfaces to be measured. In addition, sealing the

. unit hermetically was desired to make its use in liquids possible.

Finally, the thermal mass should be small to allow the probs to
follow rapid temperature change. Designs which meet these require-%

ments are shown in the three drawings in the Appendix, and are ;
|

discussed in Section 12.0 - "Recommendations"”, §
These designs are quite sophisticated, and must be considered

beyond the scope of this contract. Consequently, a simpler probe

- design was adopted. It provides rigidity and %ermetical sealing,

i but lacks spring action of the tip. A copper tip assures good

1 heat transfer to the thermistor.
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' 4.0  THEORY

4.1 Temperature Readout Signal
Referring to Figure 2, the following equation can be

. written for the relationship between readout signal (voltage)

and temperature: |

in above equation, we obtain:

| \/O(T}= Vr.G(T) (=G Vo (1)
1 Substituting i
| R, R

- SO A Y

i v(. RA«'RBVZ ) G(T) R 1..'3.&39.. 1
| (r) RatRp ‘
|
|

1 V RA RF ( RF
-- - (I = Emm ) V
oTI RytRy Reey + % Ryt "/‘5;?,'%; i (2) |

FIGURE 2
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\Q(T)is chosen for two temperatures:

|
i vo(OOC) = .Soov

§ and

| \ﬁ(so'*c} - 5.000V

|

i

?

i R (T)is known at these temperatures:

i

|

| and

| R(so"cf 35,2805

V, = -6.360V which is the average voltage of 6 Zener diodes

|

I with 6.2 V nominal breakdown voltage.

; Using these values, we obtain two equations:

|

|

- _Ra Re Rr

VO(O"C) R+ Ry V2 R+ RaRa (/*R )%/

(0] RatRa (0%) RptRg (3)

- RA RF ( . RF
Vo(_g;og)" Rat R, A Rt Raka ¥ [+ ¢ Kk )%

(4)
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In these two equations, RA' RB' RF and voff are unknown.

. With certain conditions for two of these unknowns, the two others

t
¢

can be calculated.

i One condition concerns the power dissipation in the thermis-

tor. It should be kept low to keep the self-heating error small.

| [
! Allowing ,125 mW, we obtain:

V = \/‘/z.s'mwx 3528k = 2.1V

C

R(50°) = 35,280 ohms

‘Neglecting Voff and assuming RA and RB to be small compared

fto Rers

R
= = . L
\/o(é.o%,} Sy 2W3s.zek&.
(5)
or RF = 84 K ochns

'RF was chosen 90.9 X ohms. This larger value makes sure .125 mW

"are not exceeded in R,
EY

i V R A V’
From ¢c®* -5 V2 we could caleulate the ratio
| Ry + Rg

-Z?— and use it in equations (3) and (4). But because of
: nNg
‘the neglections made in equation (5), this would lead to discrep-

ancies. It is simpler to assume Rg and then calculate Rp and

Voge using (3) and (4).
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RB was selected 4.75 K ohms.
Combining equations (3) and (4):
|
| Ra V RF Re
+
\4 o 4 RaR [+ R,
[5-0 C) RA"'RB R(s;f)ﬁé—-— - R{Q ()f m
V + R 4 v R [ / " RF
o{oo(_-) ,QA'P i?g y 4 R(o‘t'+ _@AE&._ R + _E.A.RA_
) RytRa (0%}’ RatRg

'After rearranging the above equation and inserting the values for
!

iRF and Ry, we arrive at the following equation for RA:

2 &+ 41,719.0039xR, - 192,068.294 = O

17,279.706xRA A

It then follows that R

= -1.20716 + \/1.45724 + 11.11525

A
ior R, = 2.3386 K ohms.
| Now Vc can be calculated: ’

- Ra_ v .2 00¢y

¢ R,tRg 't

'This value is only correct with no load connected to the voltage

}divider RAlRB . With RT connected, Vc is s8till further

‘reduced, reaching its minimum when R, reaches its minimum,
:thereby keeping the power in Ry well below ,125 mW,

| Now voff
'resulting in

Voff = =50,8 mV

can be calculated using either equation (3) or (4),:
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It should be remarked that this voltage must be introduced
in order to obtain the desired end points of .5 V and 5 V. Any
offset voltage inherent to the amplifier must be subtracted from
-Voff as outlined in paragraph 9.0 - "Calibration".
| Equation (2) now can be used to calculate the temperature-
:voltage characteristic of the thexrmostat. Table I shows the re-
fsults in 1°C steps.

4,2 Temperature Control Point

The second characteristic of the thermostat derived here is

the sensitivity of the voltage Vg applied to the solid state

switch.

| R, Ri
f :{:::>T~Nﬂ 42"
; ;Vkr) [—‘ \

Ys(r)

FIGURE 3

For this voltage, the following equation can be written:

Ra

-, ) '
Vi L\ Vorr) VL)R,’Rz‘r VZ] G

RJ(Ri*QL)

'
G R, R

i.:'?‘,i."!é.’: Report, C#NAS 8-11625 MHH”PH\S“:S lm;%&#é‘%ﬁ.@l‘_”wﬁ
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The sensitivity is:

d \'{S/TI\ - RZ d‘/(r) R}(QI*RZ) I

T RR, AT R R, i

odVir; <Ry ol Virr)

AT ~ R oT (6)
‘ d V°(T) is derived from equation (1). :
| 4T
Ay -y, ) 4G(7) M
O{ T - l ¢ O".".’ d T :
aR |
; (r |
‘ dG) _ Re dR(n . _Kr - :
; A Ra Rg e R y |
r [Rm ‘Qan] a7 VNG \
| |
| o R
j Tg_%j? x the temperature coefficient
’Q(T) ) of the thermistor
| |
:Voff is small compared to V. and can be neglected g
!
’ dV, G R |
‘ o(7) _ of my - Fox Y ='°°(V(T)

AT TodT € /?(1-) ¢
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Substituting in (6):

o Ver) R
AT Rjdv"(”

- at the controecl point temperature Tg

bg(fk)_ /V&/

Substituting in (8)

dVaay . R o1V,
o T qu/d

;With o4 changing very little with temperature and VZ being

od Vi) )
constant — also is changing very little. Almost

aT

' constant sensitivity is, therefore, assured over the entire

i

control temperature range.

(8)

— g vorsosszon
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5.0 THE TEMPERATURE SENSITIVE ELEMENT

A good temperature sensitive element should feature high

~sensitivity and be stable in time. As previously stated, a

" thermistor fulfills these requirements.

The thermistor used in the thermostat is a Fenwal Co. iso-

curve thermistor with 100 K ohms resistance at 25°C. Each iso-

. curve thermistor is matched to a standard temperature-resistance

curve within +.2°C in the temperature interval from 0°C to 50°C,

- and even tighter tolerances are available. .2°C was chosen be-

cause it is sufficient for the required overall accuracy of the

" readout voltage of +.5°C. A tolerance of +.2°C also allows inter-

changing thermistors without recalibrating the thermostat. Only

one calibration curve or chart is necessary for all units.
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6.0 ELECTRONIC CIRCUIT

6.1 The Amplifier

Readout amplifier and zero amplifier are almost identical.
Both are of the operational type and differ only in gain and the
i collector resistors of the last stages (gee schematic diagram).
. The recadout amplifier serves essentially as a buffer. Its gain
; varies inversely with the resistance of the thermistor R._.. A

37
. differential input stage assures good temperature stability. This

- stage is a dual transistor (Fairchild 2N2979). The two transistorsé
| which are packaged in the same can are matched with respect to
j VEBl and P. The following stage employs an emitter follower in !
; order to hold the loading of the first stage to minimum. The gain |
- of the first stage, therefore, is very high, which helps to re-
j duce temperature drifts caused by Q7 and Q8.

The resistor network R7, R8' R9 provides the constant

7
: and R8 are in parallel, and have to be chosen during calibration.

|

I

|

; input voltage (see Section 3.0 - "Functional Description”). R ‘

‘ |

The base of the second half of the input stage is returned |

through RlS to a resistor network R17, RlB' ng. This net-

work provides the initial offset voltage V'off (see Section 4.0 -§

i "Theory"). The parallel combination R17, R18 is selected during{

calibration. Rl5 reduces temperature drifts caused by changes |

- of the base current of 05 and Q6‘ Both bases are connected to !
resistor networks of considerable resistance. The base currents

flowing through these networks cause voltages which vary with

temperature. If these voltages are equal, no drift will result.
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RlS is, therefore, chosen to make the impedance as seen from the
base of Q5 equal to the average impedance as seen from the base
of Q4. An exact matching is not possible because of the tempera-
ture dependence of R37. Capacitors C4 and C6 prevent the
circuit from oscillating, and cut down noise originating mainly
in the inverter of the power supply.

The zero amplifier provides the gain necessary to actuate
the solid state switch., It differs from the readout amplifier
mainly in the way the base of the second half of the input stage
(Qlo) is connected. By returning this base to R,,, a positive
feedback path from the solid state switch ié produced. Whenever
the solid state switch starts to turn on, a voltage is developed
across R34 and fedback to the base of QlO' This signal aids
the signal at the base of Q9 and the collector voltage of le
increases., The solid state switch is turned on further, causing
the voltage across R34 to increase, and so on., This accumula-
tive action assures fast turn-on and turn-off when the control
point temperature is reached.

Resistors R and R2

20 1
age to a fixed reference voltage derived from the power supply.

serve to compare the readout volt-

Capacitor CS slows down the switching action of the solid
state switch. It increases the rise and fall time of the load
current, thereby reducing electromagnetic interference.

The series combinations Rl3' R14, R22' R23. R24, R27

and R28 become necessary to keep the size of the electronic

module as small as possible. Single resistors of the same values
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as the series combinations are available only in lengths incompat-

- ible with size requirements.

6.2 The Solid State Switch

The main objective in the design of a solid state switch is

: to keep power dissipation low. Low power dissipation permits the

;use of a small power transistor which is highly desirable when

space is at a premium. The power dissipation of the power trans-

istor could be reduced by inserting R36' The voltage drop across

‘le would be equal to its base-emitter voltage plus the collector

voltage of Q14. This voltage is in the order of 1.2 V leading to

more than 1.2 W of dissipated power. With R36 only 600 mW are

. dissipated in le. By chosing a 2N2034 transistor for le. it

Zbecame possible to dispense with any special heatsink.

The two driver transistors 013 and 014 match the power

itransistor to the output of the zero amplifier.

Resistors R33 and R34 produce a positive feedback signal

‘as described in Section 6.1.

6.3 The Power Supply

The regulated power supply is of conventional design. An
inverter is used to produce a negative voltage for the amplifiers.

The supply voltage of the amplifier transistor Q2 is derived

from the primary winding of the inverter transformer. This voltageE

is independent of line voltage variations which is the main reason
for the circuit's excellent regulation against changes of the 28 V

line.
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The secondary voltage of the inverter is rectified, filtered

and stabilized by a 1N323 Zener reference diode. The thus ob-

- tained voltage of approximately -6.2 V serves as reference for

the regulated power supply and the amplifiers,
Y
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7.0 HOUSING AND PROBE

Drawing No. 100061 shows the assembled thermostat. Tempera-
ture probe and housing form one unit, and are made of stainless
steel. The probe body protrudes 3 inches from the housing. The

thermistor is located in its tip, which is made of copper. A

mounting thread is provided on the neck of the probe close to

f the housing. This arrangement permits inserting the probe to its

. full length into a threaded well. A depth adjustment can be ob-

. tained by using a jam nut.

The connector is soldered to the cover which is held in

' place by 4 screws., An O-ring seals the inside of the housing.

This cover design is not final, but was adopted to allow repeated

removal of the cover to give access to the electronic module dur-
ing testing and evaluation. The final design would be one where
the cover is soldered into place after the unit has been cali-

brated. A saving in length and hermetical sealing are thereby

- achieved,
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8.0 SPECIFICATIONS

- Temperature Control

Control action:

Control point range:
Control point accuracy:
Control point temperature:
Load handling capability:

- Temperature Outout Signal

Temperature range:

Transfer function:
Accuracy:

Stability:

Output impedance:

' Power Requirements

Supply voltage:

Supply current:

Invironmental Temperature

" Connector

sz gy wenseeszon

Page 8.1

"ON" on falling temperature
+25°C to +50°C

+.2°C

Adjustable by a fixed resistor

28 ohms from 28 V DC (1 Amp)

0°C to 50°C corresponding to
.500 V to 5.000 V

Non-linear, see calibration chart
+.5°C

+.3°C, 0°C to +25°C
+.2°C, +28°C to +50°C

25 ohms

23 V DC to 32 V DC

35 mADC above control point
temperature

45 mADC below control point
temperature

{without load current)
0°C to +70°C operating
~-25°C to +100°C non-operating

Bendix PT1H-12-8P
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9.0 CALIBRATION

9.1 Temperature Readout Signal
The temperature readout signal is adjusted by selecting two

; pairs of resistors, viz., Rl' R8‘ and R17, R18 (see schematic

- diagram). During calibration these resistors and the thermistor

% are simulated by decade resistor boxes. This procedure fixes the

" end points of the temperature range, 0°C and 50°C corresponding

"to .5 V and 5 V.

- ohms; the box simulating R

" and

First, the resistor box simulating R7, R8 is set to 2.35 K

17° R18 is set to 0, and the box sim~

ulating the thermistor is set first to 336,300 ohms (corresponding
~to 0°C) and then to 35,280 ohms (corresponding to 50°C). The

* *
- output voltages v, (0°C) and v, (50°C) are recorded.

The asterisks indicate actual value as opposed to ideal ones.

From the theory we have:

+ = IR 4 » * »
\/O/SO°¢_'/‘ Vz. G(:oc,;) "'(/‘ (j-‘;,cl.) '

Ore

* - ¥ K - /
Vo) =V Gl (1= Glony) Vi

Combining both equations, we achieve:

. »
_ X G (Sgv]
\/ * \/7(50’(.‘) 0(27C) Q% ooy
: /- G5
G ’a 2°¢c)

[ ——
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. The actual gain is always proportional to the theoretical gain
~ because it depends solely on the ratio %%% and varies with the
: deviations of R10 from its nominal value. Therefore, it is possibl

? to use the theoretical value for the gains in the above equation:

S - A

* ~ ¥ Sy

Vi o= see) 0(co:) Calo ol
/ —_ G (so%s
G (oo

‘ With G(g’ooc-): ~2»L/é7 and G['?C{.} - “.269 f

A — » a
ofsox) pio) K 7169

—&.169

! : *
. we obtain \{ =

! *
‘ Voff calculated from this formula is the offset voltage of the

first amplifier stage.

This voltage must be subtracted from the theoretical offset |

| voltage V and the so obtained voltage V! is the voltage [

Off off

. to which the amplifier is adjusted.

*

t — - t
Viegs = Vors T Vorr |

V'Off is measured across the decade resistor box simulating
| Ryqe Rig+ The resistor box is adjusted until the meter reads ;
‘ |
' the ?
Vose R,, and R;, now are chosen in such a manner that |

§ resistance of their parallel combination ecuals the reading of §

- the box.
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LUALEG4A52D L
CALIBRATION CHART

i
)
i
i

KT*P ohms Vq ** ys5lts

(T) Temo,
Min Nominal o Mar, Min. Nominal Max. Coef.-o 4
330, 3¢, 3 4302 ARG LS 513 5.22
slo. 3143 5276 516 229 .543 5.1
! 33,0 36,3 . 546 .56 .574 5.15
T, D7 LA 2577 392 .67 5.12
27) 0303 2761 61 620 642 3.00
hL 2 "62.4 .644 LEEL 678 5.6
4.0 217.1 RN L6 L6958 .715 5.02
D30k 3% "37.3 BVRES . 736 .754 4.99

r‘
[
9
“
.
il
~
V]
A
.
~1
.
~J
ot
~4
~
~1
N
.

795 4.96
.838 4.93
235, 2 Cizl2 5.0 R 763 .3834 4.9

19,5 212.6 214.7 LT 318

1501 HE RIS R PO L 90 L93) 4.87
T EF DY A RS 131 054 977 4.74

173.2  174.9  17eL& el 10904 1,028 4.1
P65 InC.7  16n.3 0 1.3 1,055 LLaBD0 A.78

8] 1.136 1.75
& 1.193 4.72

3 1.252 4,73 |
=3 1.72183 1.313 4.67

.‘
\‘\
-
e
92
—
. .
LI
—
v
o e —

[ep)
.

bl
—
‘.Ao
s
g
.
[}
—t
.
N

Pl s 11,2 Lor .0 LAaR LAl 1,316 4.58
1y 114, ¢ i1s.e 1.516 1.551 1.3%7 1.55
RN 10 119.6 1.0 1.623 1.66° 4.53
L3 7 193,79 175, € 1.662 1.7 1.739 4.5)
VL1 107, [SRRE 1., 1.7:4 1.4321 4.47

14,4 15 .6 ) ST 1,322 1.363 1.9°5 1.45 |
7 91,50 37,30 1.20€ 1.749 1,392 4.47

53,14 A3 LA 24,61 2.0 2.127 2.174 4.37

™A
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CALIBRATION CHART (Continued):

RT* X ohms VD ** Jolts
(T)
Temp.
TS Min. Nominal  Max. Min. Nominal  Max. Coef, -X /
N 76.21 76,38 77.54 2.272 2.322 2.372 4.32
32 712,78 73,02 74.25 2.373 2.425 2.477 4.30
33 673,94 TY.55 71.15 2.476 2.530 2.584 4,27
34 67,03 67.61 €5.18 ?.584 2.640 2.696 4,25
35 64,26 64.81 65.35 2,695 2.753 2.811 4.22
36 61,59 67,17 62.64 2.811 2,872 2.932 4.20
37 3,05 59,35 61,4 2.932 2.995 3.357 4.17
36 36,62 57.10 57.57 3.157 3.122 3.186 4.15
39 54.35 54.%1 55,76  3.133 3.250 3.317 4.13
49 52.290 52.64 53.07 3.313 3.383 3.452 4.11
41 5.7 30,49 50,90 3.452 3.524 3.59¢6 4.09
42 48 .17 4-.47 492,36 3.59%4 3.668 3.743 4.06
43 16.15  46.53  46.97  3.742  3.ale  3.396 4.04
44 14.33 44 .69 35,14 3.363 3.972 4.352 4,02
45 42 .61 42.7% 43.32 4.047 4.129 4.212 4.100
46 47,96 41.729 41.61 . 4.29%6 4.292 4.377 3.98
47 39, 3¢ 39,68 39,99 4,373 4.4¢1 4.549 3.95
445 37.%4 33.t4 39.43 4.545 4.637 4,728 3.93
49 36,37 36.660 3€.94 4.724 4,818 4.912 3.91
53 35.00 35.28 35.55 4.903 5.000 5.097 3.89
*
", min. and max. corresponc to t .2°C
** Vq min., and max. correspond to + ,5°C
(T
|
!

TasLs b Mt anved)




;7E}Q§17Report, CiNAS 8-11625 bh”””]mxmxm“ W-"%-'1%@5&_3.‘3,,_1__,,__;~1l

Page 9.5

The resistor box simulating the thermistor is now set to

35,280 ohms and the box simulating R7, R8 is adjusted until the

readout voltage equals 5.000 V. R, and Ry are chosen so that

their parallel combination equals the reading of the resistor box.
‘The temperature readout signal is now calibrated.

It should be remarked that both pairs, R7, R, and R R

8 17
'can be substituted by a single resistor. This was done in the §

18

delivered units. When larger quantities are produced, it is ad-
‘vantageous to combine two resistors to obtain the desired values
ybecause fewer values have to be stocked and larger resistance tol-
erances are permissible.

When test results on thc thermistors to be used with the
-thermostats are available at the time of calibration, it might be
“advantageous to adjust the readout voltage in such a manner that
the deviations of the thermistors from nominal are compensated,
‘thereby improving the overall accuracy.

? Table T lists the relationship between temperature and read-
‘out voltage in 1°C steps. It also shows the corresponding therm-
istor resistance and its temperature coefficient.

The readout voltage Vo(T) was calculated from

VO(U' =(V+ %,:.‘)G(r) t %]::

; = - 0 v = =2,0982 V and
iwhere voff 50.8 nV, c 2 8

R; R)
R37+ R)*R’

G =

(see 4.0 - “Theory")
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‘ The thermistor resistance values were obtained from tables
Epublished by Fenwal Electronics Co., and the temperature coefficienﬁs
were calculated from these tables, ?
9.2 Control Point Temperature i
The temperature control point is set by selecting RZO (see
schematic diagram). The value of this resistor can be roughly

calculated according to

oy, 1Vel
/220 /221

vo(Ts) is the readout voltage at the desired control point

; temperature as obtained from Table 1. V, 1is equal to 6.2 V. A
. more accurate value for R20 is obtained by placing the tip of the
~temperature probe into a bath of known temperature, and by simu-

by a decade resistor box.

. lating RZO |
For the 5 delivered units the reverse procedure was follcwed.:
{A fixed resistor (19.1 K ohms) was inserted and then the control
' temperature measured. This simplification was possible because

' no control point temperature was specified.

It should be noted that in spite of the tolerance of the

. resistors used for R,, (1%), all control points lie within a

20
' temperature interval of .4°C. :
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'10.0 ERROR DISCUSSION
|
! Three factors contribute to the error of the temperature

Ereadout signal: the tolerance of the thermistor, the temperature
‘stability of the circuit, and the tolerances of the calibration
;resistors.

! Of these three sources of error, only the tolerance of the
?thermistor and the temperature stability of the circuit are sig-
inificant. The tolerances of the calibration resistors can be held
Eas tight as desired, and their contribution to the error be made
jnegligible.

The overall error Es is the sum of the errors ETh caused

by the thermistor Eppr caused by the circuit, and Ep + caused

!

by the calibration resistors
|
; Es = ETh + EBL + ER

!
| ETh and Ep are constant, while Ep;, is a function of
ftemperature.

| The overall error ES could be found by changing the am-
'bient temperature to which the entire thermostat is exposed from
0°C to +70°C while holding the temperature of the tip of the probe
constant. This procedure must be repeated for selected probe tem-
‘perature in the range from 0°C to +50°C. Technical difficulties
;prohibit such an approach. Fortunately a simple method can be
;used where the overall error is computed from the results of two

independent test series.
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First, EEL is measured by placing the thermostat into a
temperature chamber and by simulating the thermistor for certain

:temperatures. For each thermistor temperature, a corresponding i
t !

jEEL is found. j
| Second, the tip of the probe is placed into a constant tem- :
: {
perature bath and measurements are taken at certain temperatures. j
1Deviations of these measurements from the calibration chart (Table I}

Th and ER‘
I

1
. The overall error is then obfained by summing the individual |
: !

;consitute the errors E

Eerrors. Care must be taken to add only errors which correspond %
;to the same thermistor temperature. %
é To illustrate this method, reference is made to Figure 2 and
jTable II. From Table II we find that for a thermistor resistance
jof 35,280 ohms, which corresponds to 50°C, the readout voltage
1changes -9 mV when the ambient temperature is reduced from 25°C
;to 0°C, and +18 mV when the ambient temperature is increased from é
?25°C to 70°C., These voltage changes correspond to an error in tem- |
perature of -.05°C and +.09°C, respectively. :
é From Table II we take the error ETh + ER for thermostat
Serial #2 at 50°C which is +.36°C. The maximum error for 50°C !
probe temperature occurs then at an ambient temperature of 70°C.
It is +.09°C +.36°C = .45°C. !
The control point stability depends on the stability of both
the readout voltage and the zero amplifier. Both are dependent on
ﬁemperature. |

First, the stability of the readout voltage at the control

point is tested under changing ambient temperature. Then, the
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' zero stability of the zero amplifier is tested. The sum of both

drifts is then the drift of the control point temperature.
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©11.7 TEST RESULTS |

" after calibration, the behavior of the units under different am-

' pared to the calibration chart.

~ The change of the readout voltage was well within +.1°C in the

- monitoring the temperature control (or load) output.

11.1 Temperature Readout Signal Accuracy

Two series of tests were performed on each thermostat. First;

bient temperatures and supply voltages was tested while the therm-
istor was simulated by a decade resistor box. Second, the com~
Pleted units were tested with the probe part immersed in a con-

stand temperature bath. The readout voltage was measured and com-
Tables II through VI show the first part of the test results.‘

entire temperature range and under all ambient temperatures. This
performance is better than the specification requirements by a
factor of two. No influence of supply voltage changes could be |
detected. :
Table VII gives the values obtained with the probes immersed l
in a Rosemount Corp. temperature bath. The largest error was |
+.36°C. This error combined with the ambient temperature error
is the overall error. It is smaller than .5°C on all five units.

11.2 Temperature Control Point Stability

Tables II through VI show the change of the temperature
control (or switch) point of all 5 units. The readings were ob~ Q

tained by simulating the thermistor by a variable resistor and

What these tests reveal is the temperature stability of the

' zero amplifier. The readings show that this error which is super-



i
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imposed on the error of the readout voltage is insignificant,
never exceeding the equivalent of .05°C.

The difference between turn-on and turn-off readings repre-

sent the ON-OFF differential. A slight dependence on supply volt-
age can be noticed, an effect with is due to R34. This resistor
decides the amount of positive feedback to the input of the zero
amplifier. The current through and the voltage across it both

. increase with the supply voltage which is unrequlated.

s The ON-OFF differential is in the order of .03°C. It should

i

' be noted that this value was arbitrarily chosen and can be changed

iby changing the value of Rage
! Table VIII was obtained from measurements with the probe in

%a constant temperature bath. The difference between turn-on and

l
- turn-off temperature is the ON-OFF differential. These values,

éwhile being within specifications, differ from those obtained by
J
' simulating the thermistor. No explanation has been found for this

fbehavior.

|
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12.0 RECOMMENDATIONS

Most of the effort in the development of the solid state
thermostat was directed towards a good solution for the electronic
circuit. The final design is considered sound and is as simple as
permitted by the performance parameters. However, there is one
area where improvement is possible - in the inverter transformer.
This transformer is an “off the shelf" item and, therefore, is not
ideally tailored to its use in the thermostat. It is this trans-
former which is responsible for more than half of the current
drawn by the electronic circuit, excluding the solid state switch.
A special designed transformer could cut this current drain in
half. The resulting reduction of heat dissipation inside the
housing would help to improve reliability. When the production
of larger numbers of thermostats is considered, the costs of a
special transformer become negligible as compared to the adVIntqge
gained.

The mechanical design, especially that of the probe, is not
ideal and leaves room for improvement. A design with the probe
separated from the housing offers certain advantages in spite of
the cable necessary to connect the probe to the electronics. Heat
dissipated in the electronics, which in the present design can
reach the tip of the probe where the thermistor is located, would
be a problem no longer. The probe itself éan be smaller and
probes for special applications can be used interchangeably with

one and the same electronic module.
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The present design where probe and housing form one unit is
not quite satisfactory in two respects. Thermal insulation of the
tip from the housing is insufficient and the probe is rigid, mak-
ing it difficult to use it in wells. Three drawings in the appen-
dix show possible designs which can overcome such deficiencies.

MP/I Drawing No, 100217 shows a design where bellows provide
both tesiliency and hermetical sealing. Glass insulation keeps
heat travelling down the probe body from reaching the tip of the
probe. »

Drawing No. 100218 shows a design employing a coil spring
for resiliency and glass insulation. However, no hermetical seal-
ing can be achieved with this appxpach.

Drawing No. 100220 shows another possibility to solve the
resiliency and sealing problems by using a diaphragm.

The major difficulty with designe of this nature is the
bonding of the probe tip to some heat insulatlng material, a prob-
lem which could not be solved within the limited scope of this
contract.

l One remark concerning the temperature-voltage characteristic
of the thermostat should be made here:

For certain applications, a linear temperature-voltage

' characteristic might be desirable. A simple modification of the

resistor network at the input of the readout amplifier will pro-
duce such a characteristic. Only minor changes of the electronic

module would be required.
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13.0 CONCLUSION

The 1 amp solid state thermostat developed by MP/I fb[i

meets all performance specifications and, as the test resul

even exceeds some of them. The electronic circuit leaves little
room for improvement, and other temperature-voltage characteristics
than the one in present use could be obtained with only minor
modificﬁtions.

The area in which considerable improvement can be achieved
is the mechanical design of the probe. FPuture effort should be

directed to this goal.
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